Transcranial modulation of brain oscillatory responses: A concurrent tDCS-MEG investigation by Hanley, Claire J. et al.
NeuroImage xxx (2016) xxx–xxx
YNIMG-12822; No. of pages: 13; 4C: 3, 5, 6, 7, 8
Contents lists available at ScienceDirect
NeuroImage
j ourna l homepage: www.e lsev ie r .com/ locate /yn imgFull Length ArticlesTranscranial modulation of brain oscillatory responses: A concurrent
tDCS–MEG investigationClaire J. Hanley a,b,1, Krish D. Singh a, David J. McGonigle a,b,⁎
a CUBRIC, School of Psychology, Cardiff University, Cardiff, UK
b School of Biosciences, Cardiff University, Cardiff, UK⁎ Corresponding author at: Cardiff University Brain Res
Psychology, Cardiff University, Cardiff, CF10 3AT, UK.
E-mail address:McGonigleD@Cardiff.ac.uk (D.J. McGo
1 Present address: Department of Psychology, Swansea
http://dx.doi.org/10.1016/j.neuroimage.2015.12.021
1053-8119/© 2016 The Authors. Published by Elsevier Inc
Please cite this article as: Hanley, C.J., et al.
NeuroImage (2016), http://dx.doi.org/10.101a b s t r a c ta r t i c l e i n f oArticle history:
Received 27 May 2015
Revised 13 December 2015
Accepted 14 December 2015
Available online xxxxDespite the increasing use of transcranial direct current stimulation (tDCS), the physiologicalmechanisms under-
lying its effects are still largely unknown. One approach to directly investigate the effects of the neuromodulation
technique on the brain is to integrate tDCS with non-invasive neuroimaging in humans. To provide new insight
into the neurobiology of the method, DC stimulation (1 mA, 600 s) was applied concurrently with Magnetoen-
cephalography (MEG), while participants engaged in a visuomotor task before, during and after a period of
tDCS. Responses in the motor beta band (15–30 Hz) and visual gamma band (30–80 Hz) were localised using
Synthetic Aperture Magnetometry (SAM). The resulting induced and evoked oscillatory responses were subse-
quently analysed. A statistically signiﬁcant reduction of average power in the visual gamma band was observed
for anodal compared to sham stimulation. Themagnitude ofmotor evoked responses was also found to be signif-
icantlymodulated by anodal stimulation. These results demonstrate thatMEG can beused to derive inferences on
the cortical mechanisms of tDCS.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
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Neuroimaging studies have enhanced our understanding of the phys-
iological mechanisms underlying the effects of tDCS on behaviour
(Hunter et al., 2013).Magnetic Resonance Imaging (MRI) and Spectrosco-
py (MRS) have provided insights into alterations of functional
connectivity and changes in neurotransmitter concentrations following
stimulation (Stagg et al., 2009; Clark et al., 2011; Polanía et al., 2012;
Sehm et al., 2013; Amadi et al., 2014). However, the effects of tDCS have
been proposed to be temporally-speciﬁc (Stagg and Nitsche, 2011), sug-
gesting that the use of millisecond-resolution far-ﬁeld electrophysiologi-
cal methods, such as Electroencephalography (EEG) and MEG, may be
particularly advantageous. To date, the majority of studies combining
tDCS and EEG/MEG have not used the techniques concurrently, instead
focusing on the changes that occur after the period of stimulation
(Polanía et al., 2011; Venkatakrishnan et al., 2011; Jacobson et al., 2012;
Neuling et al., 2012; Spitoni et al., 2013). Soekadar et al. (2013) published
the ﬁrst concurrent tDCS–MEG study, in which a motor paradigm was
used to elicit responses in the alpha and beta bands. This work focused
on the feasibility of combining the techniques and found no adverse ef-
fects of stimulation on the quality of data. Since this ﬁrst study, the con-
cept of concurrent tDCS–MEG has been promoted as a potential methodearch Imaging Centre, School of
nigle).
University, Swansea, UK.
. This is an open access article under
, Transcranial modulation of
6/j.neuroimage.2015.12.021to study theunderpinnings of tDCS' behavioural effects. By linking observ-
able modulations of electrophysiological activity (such as cortical oscilla-
tions; Thut et al., 2012) to electrical stimulation, this work should help to
establish increasingly reﬁned applications of tDCS in both health (through
cognitive and behavioural research) and disease (as a treatment option
for neurological/psychiatric disorders).
Gamma oscillations (N30 Hz) are an appealing target for tDCS modu-
lation due to current theories linking their generation to the excitation/in-
hibition balance (Buzsáki and Wang, 2012). For example, ﬂuctuations in
gamma oscillations of hippocampal pyramidal cells in rats have recently
been shown to rely upon the dynamic modulation of excitation and inhi-
bition (Atallah and Scanziani, 2009). Accordingly, enhancement in the
synchrony of pyramidal cell ﬁring is said to be propagated by a release
from inhibition exerted by inhibitory post-synaptic currents (IPSCs) on
GABAergic interneurons (particularly basket cells: Hasenstaub et al.,
2005; Bartos et al., 2007). This suggests that pyramidal-interneuron rela-
tions are integral to the generation of gamma oscillations (Gonzalez-
Burgos and Lewis, 2008). The importance of the excitation/inhibition bal-
ance has also been supported by a pharmacological MEG study, incorpo-
rating theGABAA agonist Diazepam (Hall et al., 2010). Gammapowerwas
increased in the visual cortex,whichwas proposed to reﬂect enhanced ef-
ﬁciency of fast inhibitory processing. Furthermore, the administration of
alcohol, which is thought to increase GABAA mediated inhibition and di-
minish glutamatergic excitation via NMDA receptors, has been shown
to increase the amplitude of responses in the gamma band within visual
and motor cortex (Campbell et al., 2014).the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
brain oscillatory responses: A concurrent tDCS–MEG investigation,
2 C.J. Hanley et al. / NeuroImage xxx (2016) xxx–xxxOscillations in the beta band (15–30 Hz) have been proposed to be
modulated by similar mechanisms to those in the gamma band (Jensen
et al., 2002; Yamawaki et al., 2008). Using a resting MEG paradigm, the
administration of Diazepam increased beta power and decreased peak
frequency (Jensen et al., 2005). Using a basic biophysical model, the au-
thors concluded that the elevation in beta amplitudewas driven by an en-
hancement in the synchrony of pyramidal cell ﬁring, driven by increased
IPSC delay times that decreased the inﬂuence of inhibition and subse-
quently reduced beta frequency. Additionally, the GABA Transporter 1
(GAT-1) blocker Tiagabine has been shown to inﬂuence the frequency
and power of event related desynchronisation (ERD) and postmovement
beta rebound (PMBR) responses (Muthukumaraswamy et al., 2013a). A
further study compared the effects of Zolpidem (a GABAA agonist with
similar mechanisms to benzodiazepines) on slice preparations and
human participants, ﬁnding that it increased beta power in both samples
(Rönnqvist et al., 2013).
This proposal of causal links between the balance of cortical
excitation and inhibition and the relative power of beta and gamma os-
cillations, suggests that oscillatory measures are ideal targets to investi-
gate the effects of direct current stimulation on the brain. As scalp-
applied anodal tDCS has been shown to increase glutamatergic trans-
mission (primarily throughNMDA receptors) and decrease GABAmedi-
ated responses (Liebetanz et al., 2002;Nitsche et al., 2003, 2004), anodal
tDCS should affect gamma and beta band responses measured in MEG.
However, compared to the literature highlighting the effects of cortical
polarisation on motor (Nitsche and Paulus, 2001), visual (Antal et al.,
2004a) and somatosensory (Matsunaga et al., 2004) evoked potentials,
few studies have directly investigated the inﬂuence of DC stimulation
on induced responses. Although the limited in vitro evidence (Bikson
et al., 2004; Reato et al., 2010, 2014) and that acquired during in vivo in-
vestigations of beta and gamma oscillations in humans (Antal et al.,
2004b; Polanía et al., 2011; Mangia et al., 2014) suggests that modula-
tions of these rhythms should be observed.
To further the current understanding of the mechanisms under-
lying the effects of DC stimulation, the present study aimed to demon-
strate the inﬂuence of tDCS on beta and gamma band oscillatory
activity, using a combined visuomotor task (previously used by
Muthukumaraswamy et al., 2013b). Task datawas recorded prior to, dur-
ing and after anodal and sham stimulation. Electrode conﬁgurationswere
designed to target primary visual andmotor cortices during separate ses-
sions. As research investigating links between tDCS and changes in oscil-
latory power is in its infancy, hypotheses relating to the expected effects
of tDCS were generated in accordance with relevant literature (such as
the outlined pharmacological-MEG research). With regard to the
gamma rhythm, based on literature stating that anodal tDCS produces a
decrease in GABAA-mediated inhibition (Stagg and Nitsche, 2011), it
was predicted that anodal stimulation, compared to the sham control
measure, would have the opposite effect to that found following the con-
sumption of alcohol (known to increase the efﬁciency of GABAA receptors
and increase inhibition; Campbell et al., 2014). Speciﬁcally, the tDCS-
induced decline in inhibition was predicted to generate short IPSC dura-
tions and sporadic pyramidal cell activity (Hasenstaub et al., 2005),
which would produce a decrease in gamma power. In the beta band, it
was predicted that anodal stimulation would decrease the power of the
ERD response and increase that of the PMBR, again by reducing
GABAergic inhibition. These hypotheses are in accordance with work by
Muthukumaraswamy et al. (2013a), which demonstrated that an in-
crease in endogenous GABA levels produced opposite effects in these
measures.
Materials and methods
Subjects
16 subjects took part in the study (10 males). All were aged
23–40 years (M = 27.50, SD = 4.65), had corrected-to-normal visionPlease cite this article as: Hanley, C.J., et al., Transcranial modulation of
NeuroImage (2016), http://dx.doi.org/10.1016/j.neuroimage.2015.12.021and were right-hand dominant (Edinburgh Handedness Inventory,
Oldﬁeld, 1971). Upon expressing an interest in taking part in the
study, subjects were screened to determine their eligibility to take
part in tDCS and MEG research. Those with any contraindications
were excluded from the study. Participants gave written informed con-
sent prior to taking part in the study and all procedureswere carried out
with the approval of the local ethics committee (School of Psychology,
Cardiff University).
Visuomotor paradigm
Participants viewed a visual stimulus composed of a vertical, station-
ary, square-wave grating, presented on a mean luminance background
at maximum contrast with a spatial frequency of 3 cycles/degree. The
visual grating subtended 8 degrees, horizontally and vertically, and fea-
tured a greenﬁxation dot at the centre of the stimulus. The stimuluswas
programmed using the MATLAB Psychophysics Toolbox (Brainard,
1997; Pelli, 1997) and was presented via a Mitsubishi Diamond Pro
2070 monitor. The size of the screen was 1024 × 768 pixels with a
frame rate of 100 Hz. The monitor was positioned outside of the mag-
netically shielded room (MSR) and was viewed through a gap in the
shield, at a distance of 2.15 m. The stimulus duration was set to 1.5–
2 s and was followed by a 3 s baseline period, where only the ﬁxation
dot was presented (Fig. 1). Subjects were instructed to attend to the ﬁx-
ation point at all times and to perform an abduction of their right index
ﬁnger upon stimulus offset. The abduction responses (duration period,
1 s) were recorded via the acquisition computer.
Subjects performed three runs of the visuomotor task during each
session: before (Pre), during and after (Post) stimulation. Pre and
Post-tDCS runs featured 100 trials, completed in approximately 8 min.
An additional 50 trials were incorporated during tDCS to accommodate
the removal of epochs contaminated by the current ramp phases
(where the current was gradually increased to the desired level and
subsequently reduced towards zero on termination), designed to mini-
mise sensor disturbance. These experimental runs lasted for approxi-
mately 12 min.
MEG acquisition
Whole head MEG recordings were acquired using a CTF Omega 275
channel, radial gradiometer system, sampled at 600 Hz. Excessive sen-
sor noise necessitated that four of the channels be switched off. The re-
maining 271 MEG sensors were analysed as synthetic third-order
gradiometers (Vrba and Robinson, 2001). An additional 29 channels
were used to facilitate noise cancellation. A transistor-transistor
logic pulse (TTL) was sent to the MEG system at the start of each
stimulus presentation. Subjects had three electromagnetic head coils at-
tached to the nasion and preauricular points, which were continuously
localised relative to the MEG system throughout each recording. Verti-
cal and horizontal eletroculograms (EOG) were used to record eye
movements. The activity of the rightﬁrst dorsal interosseous (FDI)mus-
cle was monitored via electromyogram (EMG). The ﬁnger abductions
performed during the visuomotor task were recorded by the MEG
system via an optical displacement system (Muthukumaraswamy,
2010).
An anatomical image for each participant was obtained for source
localisation. 3D Fast Spoiled Gradient echo (FSPGR) MRI scans were ac-
quired prior to the study, using a 3 T General Electric HDx scanner with
an eight-channel head coil. Scans were acquired in an axial orientation
with 1 mm isotropic voxel resolution. For co-registration of MRI images
and MEG data, the positions of the electromagnetic head coils were
aligned to the nasion and preauricular points, which were identiﬁable
landmarks on the subjects' corresponding MRI images. The brain
shape of each subject was extracted using FSL's Brain Extraction Tool
(BET; Smith, 2002) in order to perform subsequent time-frequency
analysis on the data.brain oscillatory responses: A concurrent tDCS–MEG investigation,
Fig. 1. A single trial of the visuomotor task. Participants attended to a stationary, square-wave grating for 1.5–2 s prior to making an abduction response with their right index ﬁnger at
stimulus offset. The grating remained off for 3 s prior to each subsequent trial.
Fig. 2. Electrode conﬁgurations. Electrode positions as referenced to the 10–10 system.
A)Visual stimulationmontage:Oz (active), Cz (reference). B)Motor stimulationmontage:
C3 (active), Fp2 (reference).
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A DC-Stimulator MR device (neuroConn, Germany) was used to de-
liver direct current stimulation. Subjectswere randomly assigned to one
of eight session orders, deﬁned by stimulation (Anodal (A) & Sham (S))
and montage (Visual (V) & Motor (M)). The 8 session orders (of a pos-
sible 16), were not selected in accordancewith a speciﬁc rationale; only
such that there were orders in which each stimulation/montage type
was presented at the start (ﬁrst two sessions e.g. MMVV, AASS) and
end (last two sessions e.g. VVMM, SSAA) of the study and also in an in-
terleaved fashion (e.g. MVMV, ASAS). Each subject participated in 4 ses-
sions. 3 runs of the visuomotor task (pre, during, post-tDCS) were
conducted within each of these sessions. Each session took place at
least 24 h apart. Both the researcher and the participant were blinded
to the nature of the stimulation that took place during each session.
This wasmade possible using the “study”mode option, in which stimu-
lation parameters were pre-deﬁned and executed using codes for active
and sham stimulation. Stimulation duration was set to 600 s for each
session, with an additional 10 s onset/offset period. Rubber electrodes,
measuring 5 × 7 cm (35 cm2), were attached to the scalp using conduc-
tive paste. Anodal stimulation was delivered with a current of 1 mA
(current density = 0.029 mA/cm2). For sham stimulation, the
neuroConn device initially ramped up the current to mimic the periph-
eral effects of active tDCS before ramping down. During the stimulation
period, the device continued to discharge current spikes every 550 ms
(110 μA over 15 ms) to enable continuous impedance readings. The av-
erage current over time was not more than 2 μA.
Recent research has demonstrated how the effects of tDCS can extend
beyond the region underneath the electrodes, thereby inﬂuencing global
network dynamics (concerning both resting state and task-speciﬁc activ-
ity - Polanía et al., 2011; Amadi et al., 2014). The use of two distinct mon-
tages permitted the assessment of both local and remote modulations,
allowing for such potential inferences to be made on regional speciﬁcity.
For example, themodulation of visual activity could be assessed following
stimulation via the alternate,motormontage and vice versa. For the visual
montage (Fig. 2a), the electrodes were positioned at Oz (midline, active)
andCz (midline, reference), designed to correspond to primary visual cor-
tex (V1) (Chatrian et al., 1985). Themotormontage electrodes were situ-
ated at C3 (left hemisphere/contralateral to movement, active) and Fp2
(right hemisphere, reference), corresponding to primary motor cortex
(M1; Fig. 2b).
Experimental procedure
Participants began each session by completing the consent and
screening forms. Pairs of vertical and horizontal EOG electrodes were
then attached around the eyes and EMG electrodes positioned over
the FDI of the right hand. Three electromagnetic head coils were ﬁtted;
1 cm above the nasion and 1 cm anterior of the preauricular points.
Scalp measurements were taken to determine accurate positioning of
the tDCS electrodes. After the initial preparation phase, subjects werePlease cite this article as: Hanley, C.J., et al., Transcranial modulation of
NeuroImage (2016), http://dx.doi.org/10.1016/j.neuroimage.2015.12.021taken into the MSR, seated underneath the dewar in front of the com-
puter monitor and instructed how to use the optical displacement sys-
tem to perform the ﬁnger abduction responses.
Prior to the initial recording, a brief period of stimulation (~10–20 s)
was delivered to determine whether impedance levels were sufﬁcient
to begin stimulation. Such durations of active stimulation have been
shown to produce highly transient changes in cortical excitability,
which should have returned to baseline before the onset of the ﬁrst re-
cording (Bindman et al., 1964; Purpura and McMurtry, 1965; Nitsche
et al., 2003). Three runs of the task were performed per session with a
brief interval (~5 min) between the During and Post recordings, in
order for the participants to give their responses to an Adverse Effects
Questionnaire (AEQ). The AEQ was administered to ascertain the pres-
ence and severity of side-effects relating to the delivery of tDCS (see
Supplementary Data 1 for the questionnaire items corresponding to
participant experience during stimulation). This was done in order to
determine the comfort of participants' aswell as to compare their expe-
riences of both sham and active stimulation, with regard to the efﬁcacy
of the blinding procedure. The participants stayed within the MSR dur-
ing this time. Each experimental session lasted approximately 60 min.
MEG data analysis & statistics
The analysis of MEG data was performed using a variety of Linux
based software, including viewer and analysis programmes from CTF
(DataEditor, MRIViewer), in-house visualisation software (mri3dX;
Krish Singh) and analysis scripts written in MATLAB (MathWorks;
Cambridge, UK).
The data analysis pipelinewas inﬂuenced by previouswork from the
MEG lab at CUBRIC. Analysis of visual andmotor data was performed in
a similar fashion to that outlined in a recent publication, conducted
using an almost identical paradigm (Muthukumaraswamy et al.,
2013b). The continuous datasets were epoched based on visual grating
onset and EMG markers (−1.5 to 1.5 s visual;−1.5 to 3 s motor). The
data were then visually inspected for gross artefacts and epochs were
excluded from further analysis based on evidence of excessive eye
blinks, muscle clenching and irregular movement displacement. Trialsbrain oscillatory responses: A concurrent tDCS–MEG investigation,
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concurrent-tDCS were also discarded prior to analysis. On average,
~80% of trials were retained.
Global covariance matrices were generated in the visual gamma
band (30–80 Hz) as well as motor gamma (60–90 Hz) and beta (15–
30 Hz) bands. Using these covariance matrices, a set of beamformer
weights were computed in a voxelwise fashion across the brain at
4 mm isotropic resolution (SAM: Robinson and Vrba, 1999; Vrba and
Robinson, 2001). For source localisation, a multiple local-spheres for-
ward model (Huang et al., 1999) was implemented. Virtual sensors
were created for each beamformer voxel and Student's t-test images
were generated to demonstrate source power changes across experi-
mental conditions. As used by Muthukumaraswamy et al. (2013b), the
following parameters were deﬁned to determine localisation of visual
gamma (−1.5 to 0 s baseline; 0 to 1.5 s active) and motor gamma
(−1.3 to 1 s baseline; 0 to 0.3 s active) responses. The following param-
eters, adapted from Muthukumaraswamy et al. (2013a) and Campbell
et al. (2014), were deﬁned to localise motor responses in the beta
band: ERD (−1.3 to −0.3 s baseline; −0.3 to 0.3 s active), PMBR
(−1.3 to 0 s baseline; 1 to 2.5 s active). Tools from the FMRIB Software
Library (www.fmrib.ox.ac.uk/fsl/) were used to obtain group source
localisation estimates. The individual SAM images were concatenated
using fslmerge and the mean t-images were generated using fslmaths.
The voxels demonstrating themost prominent change for each of the
assessed responses were selected and virtual sensors for each individual
were created for these peak regions. The data was bandpass ﬁltered at
0.5 Hz intervals, from 1 to 100 Hz for visual responses and 1 to 120 Hz
for motor responses, to assess the time-frequency response (using an
8 Hz-wide (+/− 4 Hz), third-order Butterworth ﬁlter) (Le Van Quyen
et al., 2001). For each frequency interval, the Hilbert transform was
used to obtain estimates of the time-varying envelope, which were
then averaged across trials. Average power values were extracted from
the virtual sensor data. Initially, time-frequency spectrogramswere gen-
erated using non-baseline corrected, raw spectra to allow analysis of po-
tential differences in the baseline itself. Subsequent analyses reﬂected
changes as a percentage deviation from baseline values.
To complement the investigation of the time-varying, task-induced
activity, changes in resulting evoked responses were also assessed to
provide insight into modulations of timing-speciﬁc activity, locked to
the onset of the visual stimulus or motor movement (Tallon-Baudry
and Bertrand, 1999). This component of the study was largely explor-
atory as the evoked responses investigated were selected post-hoc, on
the basis of their robustness. The evoked data from the corresponding
virtual sensors was plotted to reﬂect ﬂuctuations in the group response
as a product of trial time by source amplitude. These ﬂuctuations were
classiﬁed in relation to percentage change from baseline values, having
baseline-corrected the evoked data. In the motor data, an evoked re-
sponse that emerged prior to movement onset and peaked shortly
after was observed, followed by a post-movement reversal. The initial
peak was characterised as a readiness to respond, thus reﬂecting the
late stage of the Bereitschaftsﬁeld, while the post-movement deﬂection
signiﬁed movement execution (Deecke et al., 1982; Cheyne and
Weinberg, 1989; Hallett, 2006). In accordance with previous literature,
thesewaves are referred to asMF andMEF1, respectively (Kristeva et al.,
1991). A large deﬂection at 100 ms was observed in the visual data
(M100), corresponding to the P100 visual evoked potential and mag-
netic equivalent, M100 evoked ﬁeld (Jeffreys and Axford, 1972a,
1972b; Brenner et al., 1975). The data from each subject was assessed
to determine the greatest change in response magnitude for each of
the observed waves and the latency at which it occurred. These peaks
were derived by searching within a speciﬁc time window (correspond-
ing to the start/end of the deﬂection). Each response was visually
inspected on a subject-by-subject basis to determine the adequate
range: MF (−200–200 ms), MEF1 (50–425 ms), M100 (75–150 ms).
SPSS for Windows software (Version 20; IBM, New York) was used
to assess signiﬁcance. As previously outlined, it was predicted thatPlease cite this article as: Hanley, C.J., et al., Transcranial modulation of
NeuroImage (2016), http://dx.doi.org/10.1016/j.neuroimage.2015.12.021anodal tDCS would reduce power in the gamma band. To test this hy-
pothesis, average power values from the corresponding virtual sensor
were entered into a Repeated Measures ANOVA; incorporating the fac-
tors, Time (Pre, During, Post),Montage (Visual, Motor) and tDCS (Anod-
al, Sham). The contribution of the between-subject factors of Montage
order (VMVM, MVMV, VVMM, MMVV) and tDCS order (ASAS, SASA,
AASS, SSAA) was also analysed. For the beta band, it was predicted
that anodal stimulation would decrease the power of the ERD response
and increase that of the PMBR. Identical analyseswere used to test these
hypotheses. While induced oscillatory responses are thought to be sig-
natures of stimulus integration or “binding” and aid information transfer
across local and more remote regions (Singer and Gray, 1995; Buzsáki,
2006; Donner and Siegel, 2011; Hipp et al., 2011), evoked responses
have been characterised as speciﬁc to a given cortical region and associ-
ated stimulus type (Di Russo et al., 2002; Leuthold and Jentzsch, 2002).
For this reason, the assessment of the inﬂuence of DC stimulation on
stimulus-evoked activity was conﬁned to that delivered via the motor
montage for motor evoked responses and by the visual montage for vi-
sual evoked responses. Therefore, analysis of the peak values reﬂecting
evoked responses did not incorporate the factor of Montage. Repeated
Measures ANOVAs were also used to assess differences in impedance
among the four sessions (tDCS, Montage) and to determine whether
participants experienced the peripheral effects of active and sham stim-
ulation in a similar manner; AEQ item (Tingling, Itching, Burning, Pain,
Vision, Concentration, Tiredness, Unpleasant, Nervous), tDCS, Montage.
Greenhouse-Geisser correctionwas appliedwhere violations of spheric-
ity were apparent. P-values less than 0.05 were considered signiﬁcant.
All p-values were subject to multiple comparisons correction and
where a signiﬁcant outcome survived this adjustment, this has been re-
ported alongside the respective p-value. The correction procedure was
implemented using the Benjamini-Hochberg method to control false
discovery rate (FDR; Benjamini and Hochberg, 1995).
Results
Peripheral effects of tDCS
Impedance values (kΩ) were recorded at the onset of stimulation
and classiﬁed by stimulation type and montage: Anodal Visual (M =
15.41, SD= 0.92), Anodal Motor (M= 14.53, SD= 1.27), Sham Visual
(M= 15.56, SD= 1.48), ShamMotor (M= 14.01, SD= 0.64). No signif-
icant differences in impedance were found between tDCS stimulation
types (F(1,15) = 1.478, p = .243) or their interaction with each mon-
tage (tDCS ∗Montage: F(1,15) = 2.293, p = .151). However, a signiﬁ-
cant main effect was established for Montage (F(1,15) = 59.081, p =
.000; p b .05 adjusted FDR), indicating that impedance for the visual
montage was higher than for the motor montage.
Analysis of ratings on the AEQ, corresponding to the period during
stimulation, revealed the signiﬁcant main effects of AEQ item
(F(3.073,46.099) = 8.656, p = .000; p b .05 adjusted FDR) and tDCS
(F(1,15) = 11.575, p = .004; p b .05 adjusted FDR). The main effect of
Montage was non-signiﬁcant (F(1,15) = 2.387, p = .143). The AEQ
item ∗ tDCS (F(3.540,53.103)=3.074, p= .028) andAEQ item ∗Montage
(F(2.243,33.641) = 4.563, p = .015) interactions were signiﬁcant. Fur-
ther analysis of the AEQ item ∗ tDCS interaction found that anodal stimu-
lation led to higher ratings than the shamcondition for the items; Tingling
(t(15) = 2.828, p = .013), Itching (t(15) = 3.337, p = .004; p b .05 ad-
justed FDR) and Burning (t(15) = 2.535, p = .023). In relation to the
AEQ item ∗Montage interaction, themotor montage led to higher ratings
of Itching (t(15) = −2.702, p = .016) and the visual montage led to
higher ratings of tiredness (t(15) = 2.764, p = .014). Impedance and
AEQ scores were largely uncorrelated. However, high Tingling (r(16) =
.606, p = .013) and Itching (r(16) = .674, p = .004; p b .05 adjusted
FDR) ratings during anodal stimulation of visual cortex were associated
with high impedance values. These results indicate that participants
may have been aware of the distinction between active and shambrain oscillatory responses: A concurrent tDCS–MEG investigation,
5C.J. Hanley et al. / NeuroImage xxx (2016) xxx–xxxstimulation (see Supplementary Fig. 1 for group AEQ ratings and Supple-
mentary Data 2 for individual responses on the items experienced).
Cortical effects of tDCS
Source localisation
Consistent source localisation estimates were derived throughout the
study, including those resulting from concurrent tDCS–MEG recordings
(Fig. 3). Prominent bilateral occipital cortex activity was observed in the
30–80 Hz band in response to the visual grating (consistent with the liter-
ature: Swettenham et al., 2009; Muthukumaraswamy et al., 2010). Beta
band motor responses (15–30 Hz) were largely conﬁned to sensorimotor
cortex of the hemisphere contralateral to the ﬁnger abduction. The ERD
was situated in a posterior location (corresponding to post-central gyrus)
compared to the PMBR (pre-central gyrus), as found by Jurkiewicz et al.,
2006. Few subjects demonstrated consistent motor gamma responses,
prohibiting the analysis of 60–90 Hz gamma band activity.
Baseline activity
Average power values corresponding to the raw, non-baseline
corrected spectra were initially assessed for potential differences intro-
duced by the neuromodulation technique. Repeated Measures ANOVAs
produced no signiﬁcant main effects for the analyses corresponding to
the ERD (Time (F(2,30) = 1.737, p = .193); Montage (F(1,15) = .679,
p = .423); tDCS (F(1,15) = .113, p = .741)), PMBR (Time (F(2,30) =
1.209, p = .313); Montage (F(1,15) = .229, p = .639); tDCSFig. 3. Group source localisation. Results of SAM source localisation performed on each response c
During, Post-tDCS). The images show voxelwise group t-statistics, thresholded at p b .05 (uncorre
niﬁcantly differed between the active and baseline period of trials. The data depicted correspond
visual montage for visual gamma analysis and the motor montage for the analysis of beta band ac
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NeuroImage (2016), http://dx.doi.org/10.1016/j.neuroimage.2015.12.021(F(1,15) = 1.007, p = .331)) or visual gamma responses (Time
(F(2,30) = .813, p = .453); Montage (F(1,15) = 3.329, p = .088);
tDCS (F(1,15) = .017, p = .899)). All associated interactions were also
non-signiﬁcant. The lack of signiﬁcantﬁndings in the period correspond-
ing to the pre-stimulus baseline indicated no statistical inﬂuence of the
neuromodulation technique. The stability of the pre-stimulus period,
with respect to the stimulation, permitted the subsequent representa-
tion of the data in terms of relative, percentage change in the active,
post-stimulus period with respect to the speciﬁed baseline period.
Task-induced responses
An average of source power was computed for the frequency bands
of interest to assess modulations of the time-frequency response, using
the virtual sensor data (see Appendix A for average power values).
Motor beta band response. In relation to the ERD, the factor Timemargin-
allymissed signiﬁcance (F(2,30)=3.154, p= .057). Themain effects of
Montage (F(1,15) = .232, p = .637), tDCS (F(1,15) = .593, p = .453)
and all associated interactions were non-signiﬁcant. For the analysis of
PMBR, Time (F(2,24) = .341, p = .715) and tDCS (F(1,12) = 1.104,
p = .314) were found to be non-signiﬁcant. There was a signiﬁcant
main effect of Montage (F(1,12) = 10.555, p = .007; p b .05 adjusted
FDR), coupled with a highly signiﬁcant Montage ∗Montage order inter-
action (F(3,12) = 7.673, p = .004; p b .05 adjusted FDR). Further
investigation determined that themotormontage resulted in higher av-
erage power changes than the visual montage, when subjectsomponent (top-bottom: beta-ERD, PMBR, visual gamma), across time points (left-right: Pre,
cted). These values are indicative of source amplitude changes in regions where activity sig-
s to the experimental runs incorporating anodal stimulation, having been delivered via the
tivity. Results were projected onto a template brain using BrainNet Viewer (Xia et al., 2013).
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p b .05 adjusted FDR). Fig. 4 illustrates the time-frequency response
for each of the assessed intervals, within the beta band.
Visual gamma band response. Fig. 5 demonstrates the time-frequency re-
sponse within the gamma band. The factor Time (F(1.430,17.165) =
.374, p = .624) was found to be non-signiﬁcant. Montage (F(1,12) =
9.002, p= .011) and tDCS (F(1,12)= 5.043, p= .044) produced signif-
icant main effects. The Montage main effect represented a tendency for
themotor montage to result in greater power changes compared to the
visual montage. The main effect of tDCS corresponded to a reduction in
power in the anodal compared to sham stimulation condition. All
within-subject interactions were non-signiﬁcant, however, there was
an interaction for tDCS and the between-subject factor tDCS order
(F(3,12)=4.080, p= .033). A trendwas found for the anodal condition
to produce a power reduction compared to sham stimulation, with re-
gard to session order SSAA (t(3) =−3.037, p = .056).
Task-evoked responses
Mean latency and magnitude values for each evoked response are
presented in Appendix B. The data from one participant was removed
from the evoked analysis due to the absence of clearly identiﬁable
peak responses.
Motor evoked response. TheMFandMEF1 responses are illustrated in Figs.
6a and b, which demonstrate themean evoked virtual sensor response at
the source locations, in motor cortex, identiﬁed as having the greatest
change in ERD and PMBR, respectively (also see Supplementary Fig. 2).Fig. 4. Time-frequency response in the beta band. A) Mean percentage change in average po
B) Spectrograms depict motor beta-ERD and PMBR in relation to a ﬁnger abduction response (
junctionwithmovement onset, during anodal stimulation. The inset within the “Anodal During
ponent of the data. The identical pattern of movement onset activity suggests the identiﬁed 5–
Please cite this article as: Hanley, C.J., et al., Transcranial modulation of
NeuroImage (2016), http://dx.doi.org/10.1016/j.neuroimage.2015.12.021Beginning with the analysis of magnitude changes, the MF resulting
from the ERD virtual sensor location produced the signiﬁcant main effect
of Time (F(1.133,15.864) = 11.654, p = .003; p b .05 adjusted FDR). The
main effect of tDCS (F(1,14) = 3.726, p = .074) failed to reach signiﬁ-
cance. The associated interaction was, however, found to be signiﬁcant
(Time ∗ tDCS: F(1.026,14.368) = 5.554, p = .032). Greater deﬂections
in amplitude were observed for the anodal compared to sham condition
during stimulation (t(14) = 2.346, p = .034) and during anodal tDCS
as opposed to pre- (t(14) = −3.032, p = .009) or post-stimulation
(t(14) = 2.888, p = .012). Fig. 4b shows the time-frequency representa-
tion of the magnitude change, which corresponds to the burst of activity
around 5–12 Hz observed at the time of the ERD. The MF resulting from
the PMBR data failed to achieve signiﬁcance with respect to the main ef-
fect of Time (F(1.110,15.547)= 4.089, p= .057), tDCS (F(1,14)= 1.375,
p= .261) and the associated interaction (Time ∗ tDCS: F(1.078, 15.096)=
2.546, p = .130). For the MEF1 resulting from the ERD data, the main ef-
fect of Time (F(1.014,14.192) = 13.280, p = .003; p b .05 adjusted FDR),
tDCS (F(1,14) = 5.439, p = .035) and the associated interaction
(Time ∗ tDCS: F(1.010,14.145)=5.380, p= .036) all reached signiﬁcance.
This was due to greater deﬂections taking place during anodal compared
to sham tDCS (t(14)=−2.344, p= .034) and during tDCS as opposed to
pre- (t(14) = 3.188, p = .007; p b .05 adjusted FDR) or post-stimulation
(t(14)=−2.999, p= .010). For the MEF1 PMBR data, the main effect of
Time (F(1.025,14.346) = 4.479, p = .052), tDCS (F(1,14) = 2.528, p =
.134) and the associated interaction (Time ∗ tDCS: F(1.039,14.543) =
3.105, p = .098) did not meet the criteria for signiﬁcance.
With regard to the latency of evoked responses, analysis of the MF
resulting from the ERD virtual sensor did not produce signiﬁcance forwer for the ERD and PMBR responses. Error bars represent ±1 standard error (S.E.M).
illustrated as percentage change from baseline). Note the onset of 5–12 Hz activity in con-
” panel depicts the time-frequency representation of the corresponding phase-locked com-
12 Hz response reﬂects an evoked as opposed to induced signal.
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Fig. 5. Time-frequency response in the gamma band. A) Mean percentage change in average power for the visual gamma response. Error bars represent ±1 standard error (S.E.M).
B) Spectrograms depict visual gamma band responses in relation to a stationary, square-wave grating (illustrated as percentage change from baseline). C) Difference images (Sham-
Anodal) demonstrate the strength of the initial gamma ‘spike’ and the sustained response in the sham condition, indicating that anodal stimulation produced a reduction in power. Anodal
stimulation also appears to have produced a more broadband response by elevating the sustained frequency (as illustrated by the negative amplitude change at ~60 Hz).
7C.J. Hanley et al. / NeuroImage xxx (2016) xxx–xxxeither main effect or the interaction (Time: F(2,28) = 2.064, p = .146;
tDCS: F(1,14) = .006, p = .939; Time ∗ tDCS: F(2,28) = .641, p =
.534). The data relating to the PMBR also failed to reveal a signiﬁcant
main effect of Time (F(1.489,20.845) = 2.085, p = .158), tDCS
(F(1,14) = .265, p = .615) or the accompanying interaction (Time ∗
tDCS: F(2,28) = .546, p = .585). For the MEF1 resulting from the ERD,
the main effect of Time (F(2,28) = 2.943, p = .069), tDCS (F(1,14) =
.530, p = .478) and the associated interaction (Time ∗ tDCS:
F(2,28) = .382, p = .686) failed to reach signiﬁcance. For the PMBRPlease cite this article as: Hanley, C.J., et al., Transcranial modulation of
NeuroImage (2016), http://dx.doi.org/10.1016/j.neuroimage.2015.12.021data, both main effects and the interaction also failed to meet the
criteria for signiﬁcance (Time: F(2,28) = 1.060, p = .360; tDCS:
F(1,14) = .025, p = .875; Time ∗ tDCS: F(2,28) = 1.228, p = .308).Visual evoked response. The M100 evoked response is illustrated in
Fig. 6c, which demonstrates the mean evoked virtual sensor response
at the source location, in visual cortex, identiﬁed as having the greatest
change in gamma synchronisation).brain oscillatory responses: A concurrent tDCS–MEG investigation,
Fig. 6. Visuomotor evoked responses. Group average evoked responses for anodal (left) and sham (right) stimulation, corresponding to changes in the source amplitude of responses de-
rived from each subject's beta-ERD (A), PMBR (B) and visual gamma (C) virtual sensor. Amplitude change is reﬂected as percentage change from baseline values. Line colour denotes the
factor of Time and line thickness corresponds to ±1 standard error (S.E.M).
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found to be signiﬁcant for theM100 visual evoked response,with regard
to magnitude (Time: F(2,22) = 1.132, p = .341; tDCS: F(1,11) = .990,
p = .341; Time ∗ tDCS: F(2,22) = 1.304, p = .292). However, the
Time ∗ tDCS order interaction was found to be signiﬁcant (F(6,22) =
2.973, p = .028), whereby the signiﬁcant main effect of Time
(F(1.067,3.202)=12.801, p= .033)was established for the stimulation
order ASAS. Here, themagnitude of theM100 responsewas greater dur-
ing stimulation as opposed to pre- (t(3) =−4.739, p = .018) or post-
stimulation (t(3) = 4.772, p = .017) time points.
For the analysis of latency changes, theM100 response failed to pro-
duce signiﬁcance for the main effects for Time (F(2,28) = .964, p =
.394) and tDCS (F(1,14)= 1.064, p= .320) aswell as for the associated
interaction (Time ∗ tDCS: F(2,28) = .324, p = .726).
In summary, tDCS was shown to modulate speciﬁc evoked and in-
duced oscillatory metrics of visuomotor activity. In relation to the in-
duced responses, average power in the visual gamma band was
reduced for the anodal condition. The main effect of Montage was
found to be signiﬁcant during several analyses (both visual andPlease cite this article as: Hanley, C.J., et al., Transcranial modulation of
NeuroImage (2016), http://dx.doi.org/10.1016/j.neuroimage.2015.12.021motor), indicating a tendency for enhanced response magnitudes
when utilising themotor as opposed to visual montage. Despite the im-
plementation of counterbalanced sessions, Montage order and tDCS
orderwere also shown to affect electrophysiological responses.With re-
gard to the evoked responses, the latency of the observed peakswas not
signiﬁcantly affected by tDCS. However, the magnitude of the MF and
MEF1 waves was shown to increase during anodal stimulation
(predominantly for the ERD virtual sensor location). The M100 visual
response was also found to increase in magnitude during the stimula-
tion time point, albeit in conjunction with the order in which the tDCS
was presented as opposed to the stimulation itself.
Discussion
This study aimed to determine whether anodal transcranial direct
current stimulation could modulate well-characterised markers of
brain activity in MEG, in order to address the physiological mechanisms
underpinning the neuromodulation technique. Potentialmodulations of
both time-locked and induced responses were assessed before, duringbrain oscillatory responses: A concurrent tDCS–MEG investigation,
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by the intervention.Most notably, anodal stimulation produced a reduc-
tion of average power in the visual gammabandand an increase inmag-
nitude for the MF and MEF1 responses.
Task-induced responses
While tDCS-speciﬁc modulations were not evident for the motor re-
sponses, a signiﬁcant reduction of average power in the visual gamma
band was observed for the anodal condition. In accordance with the
well-established physiological account of such oscillatory activity, the
gamma rhythm is said to allow for insight into the status of the
excitation/inhibition balance due to the underlying interplay of
GABAergic interneurons and glutamatergic pyramidal cells (Bartos
et al., 2007; Gonzalez-Burgos and Lewis, 2008; Buzsáki and Wang,
2012). As previously outlined, anodal tDCS is thought to perturb the bal-
ance of excitation and inhibition by reducing GABAergic neurotransmis-
sion and suppressing GABAA receptor response, while increasing the
efﬁciency of NMDA receptors (Creutzfeldt et al., 1962; Bindman et al.,
1964; Liebetanz et al., 2002; Nitsche et al., 2003; Stagg et al., 2009;
Clark et al., 2011). This physiological state is the opposite of that induced
by alcohol intake, which has been shown to increase visual gamma am-
plitude (Campbell et al., 2014). Speculatively, by reducing the inﬂuence
of GABAergic mechanisms and decreasing inhibitory tone, the release
from inhibition that synchronises pyramidal cell response may have
been relatively absent in the presence of anodal stimulation. This may
have suppressed the likelihood of uniﬁed ﬁring and thus produced the
observed decrease in oscillatory power. Such an account explicitly sup-
ports the role of GABAergic mechanisms in the generation tDCS effects
(Stagg and Nitsche, 2011). Interestingly, the reduction in average
power does not appear to have been speciﬁcally associated with the vi-
sual montage (as indicated by the absence of a speciﬁc Montage ∗ tDCS
interaction), which suggests that stimulation in general, including that
of motor cortex, was able to inﬂuence visual processing. The position of
the cathodal electrode over Cz, close to the motor region, may have
been partially responsible for this ﬁnding if visuomotor interactions
were affected by a hyperpolarisation of neurons inmotor cortex. Howev-
er, it should be noted that the reduction in average power was found in
the absence of a Time ∗ tDCS interaction, again signifying a general out-
come as opposed to a speciﬁc, temporal expression of the stimulation.
Task-evoked responses
In contrast to the induced data, only the motor evoked responses
were signiﬁcantly modulated by tDCS. More speciﬁcally, themagnitude
of theMF andMEF1 responseswas shown to be enhanced during anod-
al stimulation (predominantly at the site of the peak beamformer voxel
from the corresponding beta-ERD analysis). Not surprisingly, the
strength of the responses in question was evident in the time-
frequency response, represented as a burst of 5–12Hzactivity accompa-
nying the ERD. The functional relevance of the responses affected by the
stimulation has previously been demonstrated to correspond to the
preparation and subsequent execution of movement (Deecke et al.,
1982; Cheyne and Weinberg, 1989; Kristeva et al., 1991; Chen et al.,
1998; Chen and Hallett, 1999). Therefore, the presence of DC stimula-
tion appears to have facilitated an increased readiness to respond and
engage in task-related movement. Recently, Pellicciari et al. (2013)
assessed motor cortical reactivity following tDCS, using simultaneous
EEG recordings. Similar to the current study, the authors demonstrated
a modulation of cortical activity with regard to anodal tDCS.
Furthermore, cortical activity was closely associated with changes in
corticospinal excitability. These results suggest it is likely that the ob-
served changes in motor evoked responses were linked to alterations
in corticospinal activity, which took place while the stimulation was
being delivered. This places the results of the current study in accor-
dance with the invasive neurophysiological ﬁndings that ﬁrstPlease cite this article as: Hanley, C.J., et al., Transcranial modulation of
NeuroImage (2016), http://dx.doi.org/10.1016/j.neuroimage.2015.12.021determined the neuronal depolarisation and elevation in spontaneous
ﬁring associated with anodal tDCS (Creutzfeldt et al., 1962; Bindman
et al., 1964; Purpura and McMurtry, 1965) as well as the pioneering
human studies that demonstrated the ability of anodal stimulation to
increase corticospinal excitability (Nitsche & Paulus, 2000, 2001).
Taken together, these results further strengthen the available evidence
for the inﬂuence of anodal polarisation on motor cortex responsivity.
Comparison of modulations in induced and evoked responses
Comparing the responsemodulations obtained as part of the current
study, the most statistically compelling effects of anodal polarisation
were those related to the phase-locked, motor evoked components (in-
dicative of basic, low-level processing of perceptual cues and subse-
quent movement responses; Kristeva et al., 1991). Given that tDCS
modulations tend to bemore pronounced inmotor cortex than posteri-
or regions (Antal et al., 2004a; Lang et al., 2007; Chaieb et al., 2008;
Antal et al., 2010), the occurrence of alterations in motor responses is
not surprising. The prominence of tDCSmodulations during the analysis
of evoked responses, as opposed to induced rhythms, can be elaborated
upon in relation to the distinction between their neurobiological origins
(Muthukumaraswamy et al., 2010; Cheyne, 2013). While sustained in-
duced responses are thought to rely upon complex patterns of global
and local connectivity across multiple spatial scales (related to factors
that inﬂuence synchrony, such as receptor efﬁciency and neurotrans-
mission), task-evoked responses are thought to arise from transient,
spatially-speciﬁc changes in cortical excitability (related to the
properties of a stimulus innervating a particular sensory system)
(Pfurtscheller and Lopes da Silva, 1999). In this instance, it appears
that tDCS did not sufﬁciently modulate the synaptic processes required
to alter sustained oscillatory responses but did adjust local, short-lasting
cortical reactivity. Accordingly, brief alterations in membrane potential
have been observed during anodal polarisation of the cortex, which in-
crease cortical excitability and spontaneousﬁring rate but do not induce
lasting change as evidenced by the lack of after-effects (Purpura and
McMurtry, 1965; Nitsche et al., 2003).
The presence of modulations only during direct current stimulation
indicates that such transient alterations may have occurred in the cur-
rent study. In the absence of sustained depolarisation and the resulting
rise in intracellular sodium and calcium concentration, tDCS would fail
to trigger a change in synaptic strength (Liebetanz et al., 2002; Nitsche
et al., 2003, 2004; Fresnoza et al., 2014). In turn, GABAergic and NMDA
receptor efﬁciencywould not bemodulated and the balance of excitato-
ry and inhibitory drive thought to underlie gamma and beta oscillatory
activity would remain unchanged (Bartos et al., 2007; Yamawaki et al.,
2008). An absence of sufﬁciently consistentmodulations to allow chang-
es in synaptic plasticity to emerge may, therefore, explain the relative
absence of alterations in task-induced oscillatory activity.
Methodological considerations
Transient changes in cortical excitability are often reported following
short durations of DC stimulation; however, while the duration featured
in the current study was comparatively extended, the length of stimula-
tion usedmayhave contributed to the absence of someexpected ﬁndings.
Certain complex cortical responses, such as those requiring neuronal syn-
chronisation, may require extensive (longer than usual) durations of
stimulationbeforemodulations can be observed. For example, an increase
in fronto-central ERD in the beta band, linked to a ﬁnger tapping task,was
demonstrated after anodal stimulation of M1 but at twice the duration of
the current study (20 min) (Notturno et al., 2014). While it should be
noted that local and global broadband changes in cortical synchronisation
have been found following only 10 min of sensorimotor cortex stimula-
tion, this could be attributed to the increased focality of the high-
deﬁnition tDCS procedure used in this study (Roy et al., 2014).brain oscillatory responses: A concurrent tDCS–MEG investigation,
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ed to our ﬁndings by introducing a ‘ceiling effect’ (as previously
determined by Antal et al., 2004a). To further modulate responses
within a system that is already being pushed to the limit of excitation
has been shown to be extremely difﬁcult (Froc et al., 2000). There-
fore, where neuronal output was likely to have been saturated by
the stimulus, this may have restricted the dynamic range of any po-
tential modulations. This would mean that the system would be un-
able to develop and maintain a consistently altered baseline
excitation level. Stimulation would also consequently fail to modify
factors, such as the rate of IPSCs on GABAergic interneurons with
connections to pyramidal cells, required to alter the synchrony of os-
cillations (Jensen et al., 2005; Atallah and Scanziani, 2009). Conse-
quently, change in oscillatory activity following tDCS may be more
readily observed with lower contrast stimuli, and at longer stimula-
tion durations, to give the modulation of cortical activity additional
scope and time to develop.
As a potential alternative to the static polarisation delivered via
tDCS, transcranial alternating current stimulation (tACS) could be used
to set baseline excitability to synchronisewith the dynamics of a desired
frequency band. Zaehle et al. (2010) ﬁrst demonstrated the inﬂuence of
tACS on endogenous rhythms, showing entrainment of alpha oscilla-
tions in visual cortex. A subsequent study found that tACS at 20 Hz
was able to modulate cortical responsivity in M1 and this excitability
change was shown to be predicted by related changes in the beta
band response (Schutter and Hortensius, 2011). A recent study has
also highlighted the feasibility of concurrent tACS-EEG applications
and has shown the emergence of synchronisation of alpha oscillations
during 10 Hz stimulation (Helfrich et al., 2014). Simultaneous tACS-
MEG also appears to be possible (as suggested by Soekadar et al., 2013
and recently implemented by Neuling et al., 2015).
A related concept to research designed tomanipulate baseline excit-
ability is that of state-dependency. Behavioural studies have highlight-
ed the reversal or abolishment of typical tDCS effects if stimulation is
delivered during task performance, particularly for tasks involving
motor actions (Antal et al., 2007; Horvath et al., 2014). The current
study incorporated suchmovement-based responses and did not record
resting state MEG data, unlike a recent study that found signiﬁcant
modulations of oscillatory activity (Venkatakrishnan et al., 2011). Con-
sequently, the results may be indicative of the state-dependent nature
of tDCS modulations. This highlights the fragility of tDCS after-effects
and suggests that their emergence may depend on the activity taking
place during the stimulation period (which may largely underlie the
ﬁnding of inconsistent neurophysiological modulations by tDCS;
Horvath et al., 2015).
Abnormal effects of tDCS have also been demonstrated in relation to
the timingof repeated stimulation.Monte-Silva et al. (2013) established
that administering subsequent doses of anodal stimulation, with an
inter-stimulation interval of 24 h, produced an abolishment of the ex-
pected post-stimulation elevation in motor cortex excitability. As the
minimum period between sessions was 24 h in the current study,
such detrimental cumulative effects may have occurred due to subse-
quent exposure. Additionally, it cannot be ruled out that differences in
the AEQ ratings, with regard to anodal and sham stimulation, may
have been related to the observed physiological responses. A compre-
hensive investigation of the blinding procedure was beyond the scope
of the present study but assessing the experience of stimulation in this
manner could represent a potentially valuablemeans of evaluating neu-
ral and/or behavioural outcome measures.
Finally, due to the scope of the research, a large volume of statistical
tests were conducted to establish the effects of tDCS at a peripheral and
cortical level. The outcome of the implemented adjustment for multiple
comparisons likely reﬂects this as many of the results did not survive
the correction applied to control false discovery rate. Future research,
designed to focus on speciﬁc aspects of this initial study, would be ex-
pected to circumvent this issue.Please cite this article as: Hanley, C.J., et al., Transcranial modulation of
NeuroImage (2016), http://dx.doi.org/10.1016/j.neuroimage.2015.12.021Effects of electrode montage & stimulation order
Aside from the inﬂuence of tDCS, the electrodemontage used during
a given session was demonstrated to determine the nature of average
power responses. This occurred in the beta and gamma bands, where
themotor montage was associatedwith enhanced responses compared
to the visual montage. This is unlikely to be due any speciﬁc aspect of
the stimulation because the montages used were independent of the
time points at which average power was assessed and encompassed
both active and sham modalities. The greater inﬂuence of the motor
montage may have been due to lower impedance values resulting
from the motor montage, indicating less shunting of the current and
more targeted administration to the brain.
Additionally, the reduction of average power in the visual gamma
band corresponded to the order in which the tDCS was administered.
This also occurred with regard to the timing of the magnitude change
in the visual M100 response. This was surprising as the after-effects of
tDCS, following ~10min of stimulation, have been established to return
to baseline levels within 90 min of the stimulation being terminated
(Nitsche and Paulus, 2001). The wash-out interval incorporated be-
tween sessions should have also ensured that carry-over effects were
unlikely to arise. These order effects were particularly unexpected in
the context of the implemented counterbalancing, which should have
minimised the confounding inﬂuence of stimulation order (providing
that any order effectswere anticipated to be linear).While persistent ef-
fects may occur following several sessions of anodal stimulation and are
desirable in a clinical setting (Baker et al., 2010), speciﬁc order effects
have not previously been reported where explicitly assessed (Fregni
et al., 2006; Boggio et al., 2008; Mahmoudi et al., 2011). However,
should these effects be genuine, it raises substantial issues concerning
appropriate study design and the transience of stimulation effects.Conclusions
Anodal tDCS was shown to modulate electrophysiological activity,
primarily evoked responses. As the timing-speciﬁc modulation effects
were only observed during stimulation, the results are consistent with
the inﬂuence of tDCS on cortical responsivity via transient as opposed
to sustained alterations in membrane potential. Accordingly, the ab-
sence of consistent changes in excitability can account for the lack of
prolonged, post-stimulation changes as well as the comparative ab-
sence of change with regard to induced responses. Several factors such
as stimulus contrast and the execution of motor responses during stim-
ulation may have attenuated the typical tDCS effect. Nonetheless, the
study indicates that electrophysiological metrics are likely implicated
in the generation of tDCS effects. Future researchwill focus on establish-
ing optimised stimulation conditions to attempt to address these issues
and further investigate the underlying neurobiological mechanisms of
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Table 1
Average power values. Mean ± SD, calculated across the corresponding frequency band
(beta: 15–30 Hz, gamma: 30–80 Hz) and reported as percentage change from baseline,
pre-stimulus values.ERDP
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imMotor shamre 26.45 ± 15.30 26.06 ± 17.19 24.10 ± 10.70 30.19 ± 20.45
uring 24.41 ± 16.09 25.40 ± 16.68 27.00 ± 10.12 28.83 ± 16.45
ost 21.59 ± 10.58 22.36 ± 13.37 26.88 ± 13.43 30.42 ± 15.98Visual
gamma Visual anodal Visual sham Motor anodal Motor shamre 27.51 ± 12.28 28.33 ± 12.15 31.96 ± 13.34 36.71 ± 18.96
uring 25.44 ± 11.25 28.25 ± 12.41 32.87 ± 14.34 36.98 ± 18.93
ost 27.34 ± 13.86 30.16 ± 11.71 35.58 ± 18.59 36.93 ± 21.89PAppendix B
Table 1
Evoked response latency andmagnitude values. Peakswere derived for each subject as the
maximumorminimum value within the speciﬁed time window. Peaks frommotor-based
waves are reported for ERD and PMBR data. Each value represents theMean±SD. Latency
is given in seconds (s). Magnitude is given as percentage change from baseline values
LatencyERD PMBRMF Motor anodal Motor sham Motor anodal Motor shamre 0.018 ± 0.079 0.018 ± 0.074 0.047 ± 0.050 0.031 ± 0.051
uring 0.009 ± 0.082 −0.002 ± 0.087 0.030 ± 0.059 0.027 ± 0.081
ost 0.003 ± 0.089 0.008 ± 0.071 0.056 ± 0.077 0.035 ± 0.070ERD PMBRMEF1 Motor anodal Motor sham Motor anodal Motor shamre 0.182 ± 0.103 0.165 ± 0.086 0.182 ± 0.079 0.203 ± 0.119
uring 0.165 ± 0.090 0.150 ± 0.079 0.200 ± 0.080 0.190 ± 0.113
ost 0.186 ± 0.105 0.160 ± 0.084 0.203 ± 0.079 0.209 ± 0.110M100 Visual anodal Visual shamre 0.096 ± 0.017 0.093 ± 0.010
uring 0.098 ± 0.016 0.095 ± 0.011
ost 0.098 ± 0.012 0.093 ± 0.011PMagnitudeERD PMBRMF Motor anodal Motor sham Motor anodal Motor shamre 4.911 ± 5.041 4.611 ± 3.868 3.480 ± 2.947 3.998 ± 2.010
uring 15.172 ± 16.070 4.842 ± 4.742 12.924 ± 18.924 4.750 ± 5.004
ost 4.712 ± 3.952 3.668 ± 2.685 4.563 ± 3.929 4.833 ± 3.826ERD PMBRiaMEF1 Motor anodal Motor sham Motor anodal Motor shamre −4.271 ± 3.197 −4.687 ± 4.048 −4.051 ± 3.182 −5.546
± 4.403uring −36.395 ± 41.026 −10.399 ± 12.693 −26.886 ± 45.083 −6.941
± 4.789ost −5.234 ± 2.470 −4.747 ± 3.585 −4.358 ± 3.460 −5.432
± 5.072M100 Visual anodal Visual shamre 7.944 ± 3.520 9.376 ± 5.786
uring 7.975 ± 4.067 9.739 ± 4.844
ost 8.221 ± 4.208 7.573 ± 4.090Pl modulation of
age.2015.12.021Appendix C. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2015.12.021.
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